Introduction
============

Titanium and its alloys are widely used for dental implants due to their periimplant bone formation without tissue rejection. After the installation of an implant, implant surface comes in contact with the bone. Bone implant contact is surface dependent and sensitive to surface properties of the implant. The extent of incorporation of the implants is determined by the surface roughness, topography and chemical composition ([@b1-eor-52-1-12]). Surface topography and chemistry were reported to influence osteoblast responses and the osseointegration between bone and implant ([@b2-eor-52-1-12]). Greater surface roughness increased the total surface area, therefore creating more available surface sites for favorable cellular interactions as cellular adhesion, proliferation, spreading, motility, aggregation and maturation ([@b3-eor-52-1-12]--[@b5-eor-52-1-12]). Hence, surface modification techniques were deliberated to fabricate microscale to nanoscale structures on Ti surface to simulate the architecture of human bone surface and promote attachment of the osteoblasts ([@b6-eor-52-1-12]). Surface chemistry is the other factor which affects the cellular response of the osteoblast cells. The thickness and crystalline structures of titanium dioxide (TiO~2~) layers have been associated to influence the bioactive properties of the implant material ([@b7-eor-52-1-12]). Since the proposition of photocatalytical oxidation by Fujishima and Honda ([@b8-eor-52-1-12]), TiO~2~ have gained great attention as a promising photocatalyst. The photocatalytic activity of TiO~2~ is most significantly influenced by crystalline structure ([@b9-eor-52-1-12]). TiO~2~ is usually used as a photocatalyst in two crystal structures: rutile and anatase. Considerable surface treatment and modification techniques were attempted to synthesize anatase/rutile mixed-phase TiO~2~ such as sol-gel method ([@b10-eor-52-1-12]), sputtering ([@b11-eor-52-1-12]), chemical vapour deposition ([@b12-eor-52-1-12]), atomic layer deposition ([@b13-eor-52-1-12]), plasma immersion ion implantation ([@b14-eor-52-1-12]), cathodic arc deposition ([@b15-eor-52-1-12]), and anodization ([@b16-eor-52-1-12]). Among these methods, anodization is an economic and efficient technique that allows controlled anatase/rutile mixed phase TiO~2~ formation on the substrates that have been widely employed to biologically modify Ti implants.

Alkaline phosphatase (ALP) is a membrane-bound glycoprotein well known as an early osteogenic marker of bone formation and bone calcification, secreted by osteoblasts to provide a high phosphate concentration at the osteoblast cell surface during bone mineralization ([@b17-eor-52-1-12]). Nano-surfaces (refers to the scale from 0.1 nm to 100 nm) could promote the proliferation of osteoblasts and increase the content of alkaline phosphatase after osteoblasts were cultured for 21 to 28 days ([@b18-eor-52-1-12]). Nonselective actions of the highly oxidized species are expected to oxidize the cell membrane on the surface of the illuminated TiO~2~ ([@b19-eor-52-1-12]). However, dental implants are in contact with osteoblasts when they are placed into the bone and these modified surfaces need to be evaluated in terms of osteoblastic adhesion and ALP activity. In this way, a thorough understanding of the photocatalytical cell killing mechanisms at the periimplant osteogenic cells should be questioned in conjunction with their suggested killing effect on oral bacteria.

We suggested that anatase/rutile mixed-phase TiO~2~ thin films, prepared by electrochemical anodization with potassium hydroxide and annealing treatment, would have significant effects on the initial adhesion morphology and ALP activity of murine pre-osteoblastic cells *in vitro*. To address this hypothesis, the aim of this study was to assess the cellular response of the murine pre-osteoblastic cells on anatase/rutile mixed-phase TiO~2~ thin films which combined the nanoscale roughness characterization and photocatalytical activity by electrochemical anodization.

Materials and methods
=====================

Preparation of samples
----------------------

This study was performed at the laboratories of New York University College of Dentistry and was supported by İstanbul University Fund of Scientific Research (BEK-2017-25356). Commercially pure titanium (cpTi) (ASTM B265-02) sheets in squares (10×10×1 mm) were used as substrates for the experiments as described previously by Yeniyol *et al.* ([@b9-eor-52-1-12]). The surfaces of the specimens were prepared by standard metallographical techniques. These sheets were ultrasonically cleaned in acetone, distilled water, and methanol, respectively. These untreated cpTi sheets were named as Group Ti. The electrochemical anodization was employed to form TiO~2~ thin films on the cpTi sheets. Anodization voltage was performed under 40V and each Ti surface (anode) was electrochemically anodized in 0.1M KOH electrolyte for 3 minutes at 20°C. Stainless steel was used as the counter electrode. In order to convert the amorphous TiO~2~ thin films into the crystallized TiO~2~ thin films, sheets were annealed at 550°C in air for 1 h after anodization treatment. These sheets containing mixed-phase TiO~2~ thin films consisting of anatase and rutile were named as Group AR.

Surface characterization
------------------------

The surface morphologies of the sheets were observed using a scanning electron microscope (SEM; JSM5410, JEOL, Tokyo, Japan) at a 20 kV acceleration voltage and a magnification of ×500.

The surface topologies of the sheets were investigated with the White Light Optical Profiling (WLOP) Wyko-NT1100 (Veeco Instruments Inc., Plainview, NY, USA) at VSI (Vertical Scanning Interferometer) mode, which is a noncontact optical profiling system that provides high vertical resolution. Two height descriptive parameters of roughness as *Rα* and *Rz* were used to quantify the surface roughness ([@b9-eor-52-1-12]).

The structure and phase of the Group Ti were monitored by utilizing a Philips PW 3710 grazing incidence x-ray diffractometer with a CuKα radiation (scan range 20° to 80°). A scan rate of 0.02°/sec was used with a grazing incidence of 0.5° for the Ti structure. The structure and phase of the Group AR were monitored by utilizing a Panalitical diffractometer (Phillips, Holland) using X-ray diffraction data collected in the reflection Bragg-Brentano geometry with a CuKα radiation under an applied voltage of 45 kV and a current of 40 mA. A scan rate of 0.03°/sec with a grazing incidence of 0.45° was used for the Ti and TiO~2~ structure. The scanning data were recorded in the 2θ range of 20--73°. The phase contents of rutile and anatase (%*W*~A~) and rutile (%*W*~R~) for the anatase/rutile mixed-phase TiO~2~ thin films at Group AR were estimated by utilizing the obtained patterns to determine weight percentage of the anatase phase and rutile phase TiO~2~ using the Spurr--Myers' equations ([@b9-eor-52-1-12]).

Cell assay
----------

In order to determine the impact of the electrochemical anodization and annealing on the biological properties of pre-osteoblasts, MC3T3-E1 were cultured on cpTi sheets submitted to the experimental conditions. Pre-osteoblastic MC3T3-E1 cells (ATCC, Rockville, MD, USA) were cultured in α-MEM (Gibco, California, CA, USA), supplemented with 10% fetal bovine serum (Hycolone, Utah, UT, USA), penicillin and streptomycin (Gibco, California, CA, USA) mixture employed as a cell culture medium. The cells were incubated at 37°C in a humidified atmosphere of 5 % CO~2~ in air. The culture medium was changed every 2 d. Specimens were sterilized in 70% ethanol. Cells were seeded onto Group Ti sheets and Group AR sheets at a density of 10.000 cells/sheet in black 24-well polystyrene culture plates for non-UV based conditions. Polystyrene culture plate sheets in squares (10×10×1 mm) were used as positive controls (Control Group).

Cell morphology
---------------

Sheets were collected for SEM observation after 5 days to study cells' morphological changes during initial adhesion of MC3T3-E1 cells cultured on both experimental and control surfaces. The samples were fixed with 2.5% glutaraldehyde. After washing three times in the 0.1M phosphate buffer, cells were postfixed with 1% OsO~4~ for 1 h. After sheets were rinsed twice in the 0.1M phosphate buffer, they were dehydrated through a graded alcohol series (25--100%). Hexamethyldisilazane was applied twice. Sheets were subsequently critical-point dried; sputter coated with gold, and examined using a scanning electron microscope (SEM; Philips XL 30, Eindhoven, The Netherlands) at a 15 kV accelerating voltage and a x500 magnification.

Alkaline phosphatase activity
-----------------------------

The differentiation of pre-osteoblast to osteoblast cells was evaluated as a function of alkaline phosphatase (ALP) activity for 5, 9, 12 and 21 days by ELISA method. Samples of various groups were transferred into a new black 24-well polystyrene culture plate and the cell layers were washed with PBS. Triton X-100 were added to each well to study lysis of the cells. The material was placed in an incubator for 30 min at 37°C. After 3 times freezing-thawing cycles, aliquots of cell lysis solution were collected for the analysis of the ALP activity. ALP activity was determined with conversion of p-nitrophenylphosphate to nitrophenol in an alkaline buffer. Reaction was initiated by adding of p-nitrophenylphosphate to the cell lysis solution. The reaction was stopped after 20 min by adding NaOH. Optical density (SpectraMax M5e Multi-Mode Microplate Reader; Molecular Devices, Sunnyvale, CA, USA) was measured at 405 nm to quantify the amount of p-nitrophenol produced.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS 22.0 (IBM SPSS Inc., Armonk, NY, USA). Data were expressed as the mean±standard deviation (n=12). Analysis of the baseline clinical data of ALP activity was performed by Chi-square statistics. We used the Kruskal -- Wallis test for comparison of more than two independent groups, followed by the Mann --Whitney U test for comparisons between different groups, and the Friedman's test followed by the Wilcoxon Signed Ranks test for intra-individual comparisons. Differences were considered significant at p\<0.05 (two tailed value).

Results
=======

Surface characterization
------------------------

[Figure 1](#f1-eor-52-1-12){ref-type="fig"} shows surface SEM images of sheets of cpTi (Group Ti) and the mixed-phase TiO~2~ thin film photocatalyst (Group AR). It is observed that cpTi surface has a flat texture and showed relatively a smooth appearance. The surface morphology of the photocatalyst was affected by the electrochemical anodization. Craters (2--5 μm) and protruding hills (10--50 μm) were observed in Group AR anodized in the KOH electrolyte, conferring a more pronounced increase of surface roughness compared to cpTi sheets in Group Ti ([@b9-eor-52-1-12]).

Quantitative roughness parameters Ra and Rz obtained from WLOP analysis for 1×1.2 mm^2^ areas for the Groups Ti and AR are shown in [Table 1](#t1-eor-52-1-12){ref-type="table"}. Three dimensional images of the surface topography of the Groups Ti and AR at x5.1 magnification are shown in [Figure 2](#f2-eor-52-1-12){ref-type="fig"}. Ra and Rz surface roughness parameters values obtained from the Group AR quantitatively presented higher height descriptive parameters of roughness ([@b9-eor-52-1-12]).

The phase compositions of the obtained samples were characterized by XRD and the corresponding XRD patterns are shown in [Figure 3](#f3-eor-52-1-12){ref-type="fig"}. There were no anatase or rutile diffraction peaks observed in cpTi surfaces in Group Ti. After anodization treatment and annealing at 550°C for 1 h, the mixed-phase composition of the Group AR was confirmed by its XRD patterns in [Figure 3](#f3-eor-52-1-12){ref-type="fig"}, where two sharp peaks located at the 2θ values of 38.4° and 27.4°, which are attributed to the diffraction of the (004) crystal plane of anatase TiO~2~ and the (110) crystal plane of rutile phase TiO~2~, respectively, indicating the crystallinity of the structure. Other characteristic peaks of the different crystalline phases are also marked on the pattern (Ti: Titanium; A: Anatase; R: Rutile). Anatase and rutile contents (weight percentages) in each sample were confirmed by using Spurr--Myers' equations and the corresponding results of anatase and rutile were calculated as 54.6 wt% and 41.9 wt%, respectively ([@b9-eor-52-1-12]).

Cell assay
----------

Cell morphology was examined by using SEM analysis. It was found that cells were able to adhere to the Group Ti sheets and Control Group with similar cellular morphologies indicating healthy behavior and significantly longer configuration at day 5 ([Figures 4b, c](#f4-eor-52-1-12){ref-type="fig"}). Well-defined cytoplasmic cell extensions, namely filopodia and lamellipodia, of these flat cells were attached to the surface increasing the cell--material interaction as well as showing extracellular interaction with the neighboring cells.

In contrast to these findings, there were morphological change in cell morphology on the surface of the Group AR sheets ([Figure 4a](#f4-eor-52-1-12){ref-type="fig"}). SEM analysis showed that the electrochemically anodized and annealed surfaces exhibited bursted cell morphology. Cells were found separated from each other with no communication and no existence of filopodia or lamellipodia. The extracellular matrix in Group AR were improved and the network were found strong enough to cover the whole surface. In this present case, extracellular matrix was influenced by surface chemistry or the surface roughness.

Alkaline phosphatase activity
-----------------------------

[Figure 5](#f5-eor-52-1-12){ref-type="fig"} shows the ALP activity of murine pre-osteoblastic MC3T3-E1 cells on the different surfaces over the cell culture period. The ALP activity of the cells on Group AR was lower than that on Group Ti after 5 days (p=0.002). However, Group AR reached its highest ALP value at day 12, no significant differences were found between the three groups for the days 9, 12, and 21 (p=0.0694, p=0.742, and p=0.849, respectively).

Within the groups for time intervals, ALP levels of Group Ti significantly decreased at day 21 compared to the days 5, 9, and 12 (p=0.006, p=0.019, and p=0.041, respectively). ALP levels of Control Group significantly decreased at day 21 compared to the days 9 and 12 (p=0.034 and p=0.041, respectively) and ALP levels of Group AR significantly decreased at day 12 compared to the day 5 (p=0.015) revealing that ALP activity was surface roughness and crystalline structure dependent.

Discussion
==========

The aim of this study was to evaluate *in vitro* pre-osteoblastic initial cell adhesion morphology and ALP activity at the anatase/rutile mixed-phase TiO~2~ thin film coated surfaces, prepared by electrochemical anodization with potassium hydroxide and annealing treatment.

Based on our previous study ([@b9-eor-52-1-12]), by aiming to gain a better understanding of the surface roughness and crystalline structure of anatase and rutile, more active surface sites for reactions by higher photocatalytic reaction potential were created to be utilized for transmucosal components of dental implants to interpret the antibacterial clinical performance of these parts in relation to the intra oral usage sites. Anatase/rutile mixed-phase TiO~2~ thin films were found to inhibit the adhesion of A. actinomycetemcomitans under UV light irradiation confirming enhanced photoactivity. This objective was achieved via electrochemical anodization by KOH and annealing of the cpTi substrates. This surface modification of the cpTi in Group AR specimens in the nano-scale regime, created craters (2--5μm) and protruding hills (10--50μm) conferring a more pronounced increase of surface roughness compared to cpTi specimens in GroupTi ([Figure 1](#f1-eor-52-1-12){ref-type="fig"}). Quantitative roughness parameters *Rα* and *Rz*, obtained from WLOP analysis, quantitatively presented higher height descriptive parameters of roughness for the anatase/rutile mixed-phase TiO~2~ thin films in Group AR ([Figure 2](#f2-eor-52-1-12){ref-type="fig"}, [Table 1](#t1-eor-52-1-12){ref-type="table"}) ([@b9-eor-52-1-12]). SEM observations showed that the pre-osteoblast cells were well spread and attached onto both Group Ti and Control Group surfaces at day 5. In [Figures 4b and 4c](#f4-eor-52-1-12){ref-type="fig"}, the cells were oriented with filopodia and lamellipodia. In contrast to these findings, on the surface of the Group AR, bursted cell morphology as well as improved extracellular matrix formation were evident ([Figure 4a](#f4-eor-52-1-12){ref-type="fig"}). In consequence, surface topography was effective on the cellular response in the early phase of cellular proliferation.

Nanostructured alkali-metal titanates are utilized in applications including catalysis, photocatalysis, bioelectrocatalysis, hydrogen storage, lithium batteries, and solar cells ([@b20-eor-52-1-12]). Sodium hydroxide and/or heat treatment, hydrogen peroxide treatment of Ti substrates have been widely used to enhance the biocompatibility and corrosion resistance of the implants in addition to their photocatalytic activities ([@b21-eor-52-1-12]--[@b24-eor-52-1-12]). When subjected to NaOH and KOH alkali and followed by heat treatment; formation of respective titanates as sodium titanate and potassium titanate on cpTi had been found superior owing to their mechanical properties and corrosion resistances. These bioactive surfaces were found to form a bone-like apatite layer on their surfaces when immersed in simulated body fluid providing earlier fixation of the implants ([@b25-eor-52-1-12]). Tas and Bhaduri ([@b26-eor-52-1-12]) were the first to soak Ti sheets in a 5 M KOH solution at 60°C for 24 h and 600°C heating for 1 h in air, followed by coating these alkali-modified surfaces with an apatitic calcium phosphate layer by using a supersaturated SBF. The microporous layer formed in the 5 M KOH solution were found to develop faster and thicker under anodization with superior to the analogous layer prepared in the 5 M NaOH solution by Tanaka *et al.* ([@b27-eor-52-1-12]). Cai *et al.* ([@b21-eor-52-1-12]) applied alkali treatment with immersion of cpTi discs into KOH solutions at concentrations of 4, 6, 8, and 10 M at 600°C for 24h followed by heat treatment at 600°C for 1h. This KOH alkali immersion treatment presented peaks attributed to anatase Ti and K~2~Ti~4~O~9~ confirming anatase and potassium titanate formation on titanium substrate surfaces. KOH alkali treatment and heat treatment was found to increase corrosion resistance and induce the differentiation of murine mesenchymal stem cells into osteoblasts. In our study, anodic oxidation with 0.1 M KOH solution and annealing treatment were applied instead of immersion technique. In Group AR, corresponding results of anatase and rutile were calculated as 54.6wt% and 41.9wt%, respectively whereas Group Ti presented no anatase or rutile peaks, as previously described ([Figure 3](#f3-eor-52-1-12){ref-type="fig"}) ([@b9-eor-52-1-12]). The chemical composition of the surfaces attribute to this result. Atomic structure of the substrate confined by its crystallographic orientations and its interaction with the cell at nanoscale level must be controlled for the interface modeling between bone and the implant surface. Similar chemical compositions with different crystallographic textures can affect the biological responses of the cells ([@b28-eor-52-1-12]).

Most works applying anodic oxidation and annealing on the preparation of titanium oxide thin films have reported on the formation of titanium oxide nanotubes, nanofibers, and nanowires ([@b29-eor-52-1-12]--[@b31-eor-52-1-12]). The effect of heat treatment on these structures was studied to form anatase titania having higher specific surface area compared to rutile which is important for the enhancement of photocatalytic property of the oxide ([@b32-eor-52-1-12]).

The formation of self-organized TiO~2~ nanotubes in fluoride containing electrolytes via electrochemical anodization is an attractive way with the ability to couple with other surface treatments such as thermal oxidation, coatings, nanotube doping, and drug-loading ([@b1-eor-52-1-12]). The presence of nanophase surfaces and amorphous TiO~2~ on Ti and Ti-alloys have been shown to render available sites for protein adsorption and cell--implant interaction ([@b33-eor-52-1-12]). In our study, electrochemically anodized and annealed cpTi surfaces presented non-tubular TiO~2~ thin film coated nanophase surfaces ([Figure 1](#f1-eor-52-1-12){ref-type="fig"}).

Alkaline phosphotase activity is used as an initial marker of cellular differentiation ([@b34-eor-52-1-12]). These two groups of cpTi substrates having different surface roughness and crystallographic textures were used to assess the effects of surface roughness and crystal orientation on pre-osteoblast cell differentiation by measuring ALP activity in addition to its previous proven photocatalytical activity ([@b9-eor-52-1-12]). In our experiment the ALP activity significantly decreased for that anatase/rutile mixed-phase TiO~2~ thin films at Group AR at day 5 compared to the cpTi surfaces at Group Ti, whereas this difference became insignificant after the days 9, 12 and 21, which indicated that the osteogenetic activity of these cells was stable during this time ([Figure 5](#f5-eor-52-1-12){ref-type="fig"}).

The results of this present study show that anatase/rutile mixed-phase TiO~2~ thin films fabricated by electrochemical anodization in KOH and annealing, which is responsible for the antibacterial properties, *per se* does not increase but it does not limit either pre-osteoblastic initial cell adhesion morphology and ALP activity at non-UV conditions *in vitro*. Anatase/rutile mixed-phase TiO~2~ thin films fabricated by electrochemical anodization and annealing can be a promising option considered for the short-term antibacterial improvement applications for the implants.

Conclusion
==========

Anatase/rutile mixed-phase TiO~2~ thin films fabricated by electrochemical anodization in KOH and annealing showed slightly better differential response of pre-osteoblastic cells than cpTi during 21-days cell culture period, offering a choice to be a candidate for the surface of implant materials. However, for better understanding of photocatalytical mechanisms involved in the application of this material under UV-based conditions focused on cell-substrate interactions, experimental conditions should be tested under UV-based conditions to better understand the whole destructive effect of this surface over cellular behaviors in further *in vitro* studies. It is difficult to simulate the real *in vivo* conditions, using murine pre-osteoblasts, as this study was carried out under laboratory conditions. Therefore, further in *vitro* and *in vivo* studies are warranted to demonstrate the influence of such anodization treatments on the cellular response of osteoblast cells. The findings, however, have to be verified in clinical settings.
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![Representative top-view SEM micrographs of the (a) Group Ti, and (b) Group AR. (original magnification x500; bar=100 μm).\
SEM: scanning electron microscope; AR: AnataseRutile; Ti: Titanium; cpTi: commercially pure titanium.](EOR-52-1-12-g01){#f1-eor-52-1-12}

![Representative WLOP images of (a) Group Ti, and (b) Group AR at x5.1 magnification for 1 × 1.2 mm^2^ of area ([@b9-eor-52-1-12]).](EOR-52-1-12-g02){#f2-eor-52-1-12}

![X-ray diffraction patterns of Group Ti: cpTi surface; Group AR: anatase/rutile mixed-phase TiO~2~ thin film surface (Ti: titanium; A: anatase; R: rutile) ([@b9-eor-52-1-12]).](EOR-52-1-12-g03){#f3-eor-52-1-12}

![Representative SEM micrographs illustrating cell adhesion morphology on; (a) Group AR; (b) Group Ti; and (c) Control group (tissue culture polystyrene) (original magnification x500; bar=100 μm).](EOR-52-1-12-g04){#f4-eor-52-1-12}

![Histogram showing ALP activity of MC3T3-E1 pre-osteoblast cells at 5, 9, 12, and 21 days. Data are Means±SDs of absorbance values of the experimental and control groups (\*p\<0.05, and \*\*p\<0.01).](EOR-52-1-12-g05){#f5-eor-52-1-12}

###### 

Ra (arithmetical mean roughness) and Rz (ten-point mean roughness) of the Groups Ti and AR determined by WLOP for 736×480 μm^2^ areas. Data are presented as the mean±SD (Standard Deviation). Values are in micrometers (μm) ([@b9-eor-52-1-12])

  Groups   R~a~ (μm)±SD   R~z~ (μm)±SD
  -------- -------------- --------------
  Ti       1.51±0.02      12.76±0.04
  AR       4.08±0.02      42.40±0.27
